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Abstract 
The accumulation of biogenic elements and organic matter in sediments from selected 
aquaculture ponds were analyzed before and after a 6-month experiment on shrimp (Penaeus 
juponicus) growth with and without feed addition. Potential changes in the structure of the trophic 
system as a result of management practices were investigated by comparing the physico-chemical 
characteristics of the sediments and the relative concentration of signature organic molecules 
accumulated preferentially in different situations. The major compounds identified in the sedimen- 
tary lipid extracts by gas chromatography-mass spectrometry (GC-MS) include series of linear 
and branched alkanes, saturated and unsaturated fatty acids, alcohols, and sterols, as well as 
individual components such as phytol and some o-hydroxyacids. It is suggested that variable 
inputs from the feed, terrigenous plant material, phytoplankton and bacterial biomass are the main 
sources of the isolated lipids. 
Keywords: Aquaculture; Feeding; CC-MS; Penaeus juponicus; Sedimentary lipids; Sterols 
1. Introduction 
The chemical and biological stability of aquaculture systems-and therefore their 
productive capacity-are dependent upon the quality and quantity of inputs to the 
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systems (Moore, 1986). The nature and extent of these inputs, both of anthropogenic 
and/or natural origin, can be analyzed by studying the organic matter (OM) accumu- 
lated in the sediments and the relative concentration of the major biogenic elements. 
Thus, the molecular composition of the organic deposits may provide valuable 
information on the sources of the biomass and the depositional history of aquatic 
sediments. Such an analytical approach is possible because of the specificity of 
biosynthetic processes in different organisms, the adaptation of biosynthetic pathways to 
environmental parameters, and the stability of a series of diagnostic metabolites in recent 
environments, mainly in subaquatic sediments (Cranwell, 1982; Sohn, 1986; Saliot et 
al., 1991; Meyers and Ishiwatari, 1993). It is assumed that this approach, based on the 
biomarker concept widely used in organic geochemistry (Engel and Macko, 19931, can 
be used to monitor the functionality of the organic deposits in controlled productive 
systems. 
At the same time, the study of the sedimentary organic enrichment has additional 
environmental interest. Organic deposits may have a direct influence on declining yield 
of fisheries through different processes, such as the development of harmful phytoplank- 
ton blooms or the selective retention of pollutants in the ponds, which could in turn 
reach the water streams via drainage waters (Boyd, 1986; Pruder, 1986). 
There is a considerable literature on the composition and dynamics of the sediments 
in unaltered subaquatic ecosystems (Killops and Killops, 1993 and references therein). 
However, similar studies on the organic deposits from fish farms have usually been 
limited to the analysis of total organic carbon and nitrogen contents. So far, only a few 
studies have described in some detail the composition of the organic enrichment in 
sediments from marine farms (Samuelsen et al., 1988; Johnsen et al., 1993). 
The aim of this study was to monitor changes in the physico-chemical characteristics, 
nutrient status and lipid composition of a series of sediments from selected aquaculture 
ponds before and after a 6-month experiment on shrimp (Penaeus juponicus) growth 
with and without the addition of feed. The experiments were designed (i) to assess the 
alterations in the above parameters as a result of management practice, and (ii) to 
analyze the interactions between the parameters and their effects on the environmental 
quality of the sediments. 
2. Materials and methods 
Eight aquaculture ponds (Nos. l-S>, each with an area of 100 m X 10 m and a depth 
of 1.5 m, located at the marine farm ‘El Toruilo’ in Puerto de Santa Maria (Cadiz, 
southwest Spain), were used for the experiments. 
The ponds were strictly separated without any possibility of contamination between 
them. Approximately 10% of the water volume in each pond was replaced daily with 
water arising from the nearby San Pedro river. Details of the water quality were as 
follows: temperature, 21.8 k 0.3”C; pH, 8.3 + 0.1; salinity, 41.8 + 0.4 g 1-l; dissolved 
oxygen, 5.8 f 0.8 mg l- ‘; nitrites, 0.4 & 0.1 ~.LM 1-l; nitrates, 0.3 + 0.2 yM 1-l ; 
phosphates, 2.3 f. 0.3 pM l- ’ . 
Ponds 1 and 2 had no treatment other than the daily water renovation; Ponds 3 and 4 
had an addition of 1 g me3 day-’ of a commercial feed (protein, 44%; ash, 14.8%); 
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Ponds 5 and 6 had only shrimps (stock density of 4 m-‘) without any added feed; Ponds 
7 and 8 had shrimps (the same stock density as Ponds 5 and 6) and added feed (1 g me3 
day- ’ >. To assess the effect of pond management, statistical differences were examined 
for different parameters of the sediments sampled before and after a 6-month period of 
running the experiment. Then a two-factor analysis of variance was used to identify the 
significant effects and interactions between the two main factors (i.e. shrimp growth and 
feeding). Replicate samples of sediments were taken from each pond before and after the 
6-month experiment. The data referred to as control (C) are average values for the 
different parameters in the eight ponds at the start of the experiment. 
The samples were taken with a spatula at the sediment surface (O-5 cm layer), frozen 
immediately to prevent microbial growth, freeze-dried and homogenised. Total oxidiz- 
able organic matter (TOM) was determined by wet oxidation with K,Cr,O, (Walkley 
and Black, 1937). Nutrient and heavy metal concentrations were determined by standard 
procedures used for the analysis of soils (Hesse, 1971). 
The lipids (from both the sediment samples and the feed) were extracted in a Soxhlet 
apparatus with Cl,CH,:CH,OH (2:1), saponified with methanolic KOH and toluene, 
and fractionated into neutral and acid fractions. The acid fractions were methylated with 
ethereal diazomethane, and both the neutral and acid fractions were silylated with 
N,O-bis(trimethylsilyl)-trifluoroacetamide (BSTPA) prior to analysis by gas chromatog- 
raphy (GC Hewlett Packard 5890, flame ionization detector), and gas chromatography- 
mass spectrometry (GC-MS, Hewlett Packard 5988A) using a 25 m (0.32 mm i.d.) 
SE-52 fused silica capillary column. The oven temperature was programmed from 50°C 
(1 min initial hold) to 100°C at a rate of 30°C min- ’ , and then from 100°C to 300°C at 
6°C min- ‘, with a 15-min final hold. Helium at a flow rate of 1.5 cm3 min-’ was used 
as the carrier gas. 
Individual components were identified from their mass spectra (electron impact, 70 
eV>, complemented by the data from the chromatographic retention times of analytical 
standards, and SIM (single ion monitoring of diagnostic ions for the different homolo- 
gous series). 
3. Results 
No significant differences were observed in the average biomass of shrimp after the 
treatments with and without feeding. The initial shrimp weights showed great disparity 
(1.85 L- 2.09 g), but at the end of the experiment they were very similar in each 
treatment. Confirming previous findings (Blachier et al., 1993; Hussenot et al., 1993), 
the ingestion of feed by shrimps did not result in an increase in size (8.9 + 0.2 cm) or 
weight (9.73 f 0.05 g) compared with the shrimps receiving only a natural diet 
(9.0 k 0.2/10.15 + 0.95). Average shrimp survival was low (30-35%) and also very 
similar in the ponds with and without feed supply (Ponds ‘7-8 and 5-6, respectively). 
The low inputs of shrimp feed used are those traditionally considered as sufficient for 
standard growth rates in the site under study because of the relatively high eutrophica- 
tion of the stream water, due mainly to N, P and organic matter inputs from agricultural 
fertilizers and wastewaters (urban and farm). 
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Table 1 
General analytical characteristics of the sediments from ponds subjected to different management practices 
C Ponds l-2 Ponds 3-4 Ponds 5-6 Ponds 7-8 
Organic matter (TOM) a 2.7 f 0.70 a 1.5kO.65 b 1.4*0.60 1.6rtO.59 1.3kO.7 
Lipid extracts (LE) a 10+3.46a 15 f4.53 a 12+4.27 13rt4.49 25zt 10.07 * 
Neutral lipids (NL) b 74k7.12 a 80 + 7.33 a 46+ 12.66 * 76 f 9.55 71*5.53 l 
Acid lipids (AL) b 26 + 9.78 a 2Ok7.33 a 54* 13.97 * 24* 9.52 29f7.13 ’ 
PH 7.8 f 0.08 a 7.3 rt 0.21 b 7.750.18 7.7 f 0.09 7.8*0.13 
co; (%I 14+ 1.98 a 17+3.73 a 16-12.25 * 15k2.58 17 f 2.75 
Electrical conductivity (dS m- ‘) 27 + 10.8 a 15k7.01 b 16h7.65 16k6.31 16f6.30 
N (g 10-3s) 0.12*0.01 a 0.01 +O.Ol 0.08 * 0.01 * 0.01 f 0.008 0.08 f 0.01 
P (g 10-3s) 0.07f0.002a 0.07f0.004a 0.06+0.008 * 0.07~0.004 0.06~0.008 
K (g lO-3g) 2.1 f 0.30 a 2.6f0.41 a 2.050.26 ’ 2.5 + 0.33 2.1 + 0.29 
Ca (g 10-3s) 8.6 + 0.42 a 8.8 f 0.0.3 a 8.2+0.54 * 8.7f0.89 * 7.6k0.39 ’ 
Mg (g 10-3s) 2.3 + 0.20 a 2.4 + 0.23 a 1.9kO.23 * 2.4 f 0.23 1.9 + 0.32 
Na (g 10-3g) 4.3& 1.09 b 2.2+ 1.2 b 2.3i 1.03 * 2.9* 1.13 2.0 _I 1.35 
Fe (g lo-‘9) 3.0 + 0.28 a 3.6kO.33 a 2.6f0.17 * 3.4+ 0.09 2.8 + 0.84 
Mn (g 10-7g) 854+73 a 576+91 a 435 zk 69 758 f 79 495 f 57 
z‘n (g 10-7s) 88* 10.13 a 77fl4.09a 55 + 15.87 64 k 9.97 50 * 14.53 
cu (g 10-Q) 23h4.17 a 23+ 10.68 a 2256.28 29 k 3.24 22f5.12 
Cr (g 10-Q) 73 +_ 8.90 a 69+8.26a 59* 12.11 * 76 f 7.79 61 f 10.16 
Ni (g 10-7g) 42 f 5.97 a 44*6.06 a 36k7.11 43 f 9.35 38 f 7.85 
Cd (g IO-‘s) 2.1 kO.65 a 3+0.17 a 3f0.82 * 3.5 f 0.73 3.5 f 0.88 
C, average values of the eight ponds before the experiments; Ponds l-2, water-streamed ponds; Ponds 3-4. 
ponds with addition of commercial feed; Ponds 5-6, ponds used for shrimp growth without addition of 
commercial feed; Ponds 7-8. ponds used for shrimp growth with addition of commercial feed. 
a g per 100 g dry ash-free sediment. 
b % of LE. 
Numbers in a row followed by an asterisk indicate a significant (P < 0.05) effect (two factor ANOVA) of the 
two factors (feed, shrimp growth) or their interaction (Ponds 7-8 column). For the first two columns, numbers 
in a row followed by different letters indicate significant (P < 0.05) differences between control sediment 
samples at the start and end of the experiment. 
Table 1 shows the values of different physico-chemical parameters for the sediments 
of ponds subjected to the different management practices. Although the fertilization 
history of the ponds is a recognized potential source of error in fish culture experiments 
(Knud-Hansen, 1992), it was assumed that all ponds were identical at the beginning of 
the experiment because of the low standard variation in the analytical values of the 
control (0. 
Only small variations were found in the nutritional status of the ponds and the heavy 
metals concentrations, which in all cases were well below any level critical for the 
development of phytoplankton blooms and the well-being of the shrimps. 
Compared with the control CC>, no additional accumulation of organic matter was 
observed in the ponds after the experiments. However, in contrast to total organic 
matter, the lipid content increased more than 20% by weight in the managed ponds, 
particularly in the ponds with shrimps receiving feed supplies. The quantitative differ- 
ences between the lipid extracts were generally not reflected in their molecular composi- 
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Fig. 1. Principal component analysis of the analytical results of sediments from productive ponds used for 
shrimp growth. The variables with the highest loading factors are shown on the corresponding axes. 
Abbreviations refer to Tables 1 and 2. Error bars indicate variability limits between replicated experiments. C: 
average values of the eight ponds before the experiment. 
tion since in all cases the respective compositions of the neutral and polar subfractions 
were similar. 
The comparison of the analytical patterns of the sediments from the different ponds is 
summarized in Fig. 1, and shows the sample arrangement obtained after principal 
component analysis. In this plot, the coordinates for samples representative of the 
different situations are plotted in the space defined by the first two axes computed as 
linear functions of the set of variables shown in Tables 1 and 2. Axis I (horizontal) 
includes most of the information useful for detecting time-related changes in the pond 
system (e.g. a decrease in organic matter and P, and an accumulation of lipids and 
carbonates), whereas Axis II includes additional information useful for distinguishing 
management situations. In fact a trend was observed along both axes in which the 
evolution of the ponds (l-2 + 5-6 + 7-8 + 3-4) is defined by both the changes 
described above (an increase in salinity and a decrease in some heavy metals, probably 
due to biological immobilization). 
3.1. Lipid composition 
The components identified in the various lipid extracts are summarized in Tables 2 
and 3. Fig. 2 shows the quantitative distribution of the main series of compounds 
identified. 
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Table 3 
Sterols identified in sediments from productive ponds used for growth, and the quantitative relationship 
between stenols and stanols 
No. Name C Ponds Ponds Ponds Ponds 
l-2 3-4 5-6 7-8 
1 SD(H)-Cholestan-3P-ol (coprostanol) 
2 5&cholestan-3a-ol 
3 27-Nor-24-Methylcholesta-5,22-dien-3P-ol 
4 Cholest-5-en-3f3-ol (cholesterol) 1.3 1.1 1.6 1.4 1.5 
4’ So(H)-Cholestan-3P-ol (cholestanol) 
5 24-Methylcholesta-_5.22-dien-3P-ol (brassicasterol) 1.9 1.5 1.5 1.9 2.6 
5’ 24-Methyl-So(H)-cholest-22-en-3P-ol (brassicastanol) 
6 24-Methylcholest-5-en-3f3-ol (campesterol) 0.7 1.0 1.1 1.3 1.0 
6’ 24-Methyl-So(H)-cholestan-3P-ol (campestanol) 
7 24-Ethylcholesta-5,22-dien-3P-ol (stigmasterol) 1.6 - 2.3 - 2.6 
7’ 24-Ethyl-5a(H)-cholest-22-en-3S-ol (stigmastanol) 
8 24Ethylcholest-5-en-3P-ol (P-sitosterol) 0.6 0.8 I.0 0.6 0.6 
8’ 24Ethyl-5&H)-cholestan-3P-ol (p-sitostanol) 
9 4a-23,24-Trimethyl-5a(H)-cholest-22-en-3~-ol 
10 24Methyl-So(H)-cholest-7-en-3o-ol 
11 24-Ethyl-So(H)-cholest-7-en-3P-ol 
3.1 .I. n-Alkanes 
The distribution of n-alkanes in the different sediments is shown in the histograms in 
Fig. 2(a). They are present in the range from n-C,, to n-C,,, with a strong odd/even 
carbon preference and bimodal distribution. Maxima in the range C,,-C,, point largely 
to aquatic algal sources, whereas maxima around C2,-C3, are typical of waxes from 
higher plants. Only minor differences are observed between the control and the other 
ponds, such as the increase of short-chain homologues (< C,,) in the ponds with added 
shrimps, or the relative decrease of these homologues in the ponds used to control the 
water management effect. 
3.1.2. n-Alkanols 
Fig. 2(b) shows the distribution profiles of the n-alkanols, which are very similar in 
all the ponds, with a bimodal distribution in the range C ,4-C30, with maxima at C ,6 and 
C,,-C,,. The shorter-chain homologues CC,,-C,,) are thought to originate from 
micro-organisms, and those > C, from higher plant wax esters. The presence of phytol 
in varying amounts in all sediments relates to the presence of chlorophyll, and hence to 
the presence of algal debris. 
3.1.3. Fatty acids 
The n-fatty acid distribution in the different ponds is shown in the histograms in Fig. 
2(c). In all the samples the n-C,6 acid is the most abundant, as would be expected since 
it is present in the cell membranes of almost all living organisms. As with the n-alkanes, 
no great changes are observed in the n-fatty acid patterns. However, the marked increase 
of the relative abundance of the n-C ,5 homologue in the managed ponds compared with 
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Ponds 5-6 
a n-Alkanes b n-Alkanols c n-r'atty acids d Sterols 
Fig. 2. Quantitative distribution profiles of the main series of compounds in the lipid extracts. C, average 
values of the eight ponds before the experiment; Ponds 1-2, water-streamed ponds; Ponds 3-4, ponds with 
addition of commercial feed; Ponds 5-6, ponds used for shrimp growth without addition of commercial feed; 
Ponds 7-8, ponds used for shrimp growth with addition of commercial feed. 
the control is noteworthy. It is well known that fatty acids are readily metabolized by 
sediment microbes. In particular, the n-C,,:, and the iso and anteiso-C,,:, fatty acids 
(also found in the sediments from all the ponds) are frequently considered to be 
indicators of microbial biomass, and they reflect in situ production of secondary lipids at 
the expense of primary organic matter (Cranwell, 1976). Other diagnostic fatty acids of 
bacterial origin, such as the unsaturated C ,6:, and C ,a:, , are present in all the samples. 
3.1.4. Sterols 
The distribution of sterols in the sediments studied (Fig. 2(d)) did not show any 
qualitative change in the course of the experiment. This uniformity reflects the domi- 
nance of phytoplankton as their primary source, since bacteria generally do not 
biosynthesize much sterol (Bouvier et al., 1976). The dominant sterol in all cases is 
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cholesterol (4). However, this typical algal component cannot be used as a biomarker 
because of its presence in all living organisms. 24ethylcholesterol (p-sitosterol) (8’), the 
major sterol in emergent water plants and in land plants, is also an important component 
of the sterol pattern. Other C,, and C,, sterols, typically from leaf waxes, are also 
present. Again the quantitative distribution does not show any significative differences 
between the sterol patterns in the ponds. In spite of the elevated concentration of 
cholesterol present in the feed, no significant increase in this compound was observed in 
the fed ponds. Only slight changes were observed in the quantitative stenol/stanol ratios 
(Table 3). The diagenetic conversion of stenols (the unsaturated biological form of most 
sterols) into stanols (the hydrogenated analogues) has been widely discussed as a 
geochemical index (Nishimura and Koyama, 1977; Meyers and Ishiwatari, 1993 and 
references therein), and in particular as indication of the degree of microbial reworking 
of organic matter. The minor changes observed in the stenol/stanol ratios indicate that 
no substantial modification of the initial biological material has occurred during the 
experiment. 
4. Discussion 
The lack of effects of the different treatments on the shrimp biomass should not be 
surprising since many factors, the most important being nutrient availability, could be 
responsible for the lack of response to the feed (Boyd, 1986). It has been proved that the 
bottom community alone is an important factor in shrimp growth (Lee et al., 1986). In 
some cases, a preferential uptake of the natural diet has also been observed (Reymond 
and Lagardere’, 1990). 
The relatively low amounts of total organic matter accumulated in the sediments 
could be explained by the probable high oxic conditions existing in the ponds (low 
depth, and high temperature during the experiment), which lead to a poor preservation of 
the organic matter (Didyk et al., 1978) and also stimulate the activity of the microbial 
biomass. In addition, the rapid degradation of organic matter is favoured by the 
bioturbation phenomenon, due to the nutritional needs of the benthic fauna. Such 
behaviour is similar to that observed in marine sediments (Cobler and Dymond, 1980), 
where approximately 75% of the organic carbon reaching the surface of bottom 
sediments is destroyed in the bioturbated layer (10 cm on average). 
The plot in Fig. 1, showing the sample arrangement obtained after principal compo- 
nent analysis, suggests that whereas the feeding produces notable modifications in the 
chemical characteristics of the sediments, the growing of shrimp leads to a much smaller 
environmental impact, in most cases compensating for the effects caused by the 
incorporation of additional feed. 
In addition to the significant effects of feeding in increasing the lipid concentration in 
the sediment, Table 1 suggests that such an effect is enhanced by the shrimp growth 
(shrimp-feed interaction), which indicates that the expected accumulation of these 
virtually non-biodegradable compounds increased with the complexity of the trophic 
system and the size of the residual biomass. 
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A similar interaction occurs with the Ca in the sediment, which would correspond to 
the biological immobilization phenomena responsible for the accumulation of this 
element in insoluble forms after its incorporation to microbial biomass and mineralized 
exoskeleton of mega- and micro-arthropoda. 
No great qualitative changes were recognized in the sedimentary lipid composition, 
although the total concentrations varied noticeably in the ponds subjected to the different 
management practices. It is suggested that variable inputs from the feed, phytoplankton 
and bacterial biomass are the main sources of the individual isolated lipids. Inputs from 
terrigenous plant material and from the river which was used to fill the ponds were also 
observed. 
5. Conclusions 
The distribution of biogenic/nutritive elements, as well as the total amount and 
composition of organic matter in sediments from aquaculture ponds, showed few 
significant changes after a 6-month experiment designed to prove the efficiency of 
feeding on the growth of shrimp. 
More diagnostic hanges were observed by molecular-level studies on the composi- 
tion of lipids accumulated in the sediments. 
Under the conditions used in this experiment, shrimp biomass gain was not improved 
by the addition of feed. 
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